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Global Flexibility in a Sensory Receptor: 
A Site-Directed Cross-Linking Approach 

Joseph J. Falke and Daniel E. Koshland, Jr. 



The aspartate receptor of Escherichia coli and Salmonella 
typhitnuriutn is a cell surface sensory transducer that binds 
extracellular aspartate and sends a transmembrane signal 
to the inside of the bacterium. The flexibility and allostery 
of this receptor was examined by placing sulfhydryl 
groups as potential cross-linkixig sites at targeted loca- 
tions in the protein. Seven different mutant receptors 
were constructed, each cpntaiiung a single cysteine resi- 
due at a different position in the primary structure. 
Intramolecular disulfide bond formation within oligo- 
mers of these mutant receptors is shown to trap structural 
fluctuations and to detect ligand-induced changes in 
structure. The results indicate that the receptor oligomer 
has a flexible, dynamic structure which undergoes a 
global change upon aspartate binding. 



TRANSMEMBRANE SIGNALING IS A WIDESPREAD PHENOME- 
tion in biological systems. However, the mechanism by 
which external iigand binding generates an incraccllular 
signal is poorly understood. A number of receptors have been 
proposed to contain only one or a few transmembrane peptide 
segments connecting the external and intracellular domains; such 
receptors include the insulin receptor (i^ 2), the epidermal growth 
faaor (EGF) receptor (3), the low-density lipoprotein (LDL) 
receptor (4), the nerve growth faaor (NGF) receptor (5), and the 
aspartate and serine receptors of bacterial chemotaxis {6j 7). A wide 
range of models can be presented for the molecular mechanism of 
transmembrane signaling by these simple receptors. At one extreme, 
for example, a receptor could be a largely rigid structure in which 
ligand binding causes subtle shifts in the position of amino acid side 
chains, with only minor changes in the conformation of the 
polypeptide backbone. Alternatively, backbone flexibility may play 
an important role in transmembrane signaling, and in the limit of 
this case a receptor could be a highly dynamic structure that signals 
by a global, allosteric structural change involving large movements 
of its transmembrane segments and other polypeptide domains. We 
now report our results on the aspartate receptor , of baacrial 
chemotaxis and their applicability to the study of protein flexibility 
^and allostery. : 
: r A major difficulty in .the analysis of transmembrane receptors is 
jhat. physical studies of protein structure in the .membrane are 
M sometimes difficult to perform, while studies in solubilizcd systems 
^^'f^msc jqucstions as to ; whether > detergent has altered . the ^protein 



detergents are needed; the aspartate receptor of chemotaxis is 
particularly useful because it has been cloned (6), is easily altered by 
sitc-dircaed mutagenesis, and can be reintroduced into the living 
baaerium in order to test direcdy native structure and function. In 
addition, this receptor does not contain any cysteine residues; thus 
mtroduction of a single cysteine residue creates a new site at which 
the special chemistry of the sulfliydryl group can be utilized. 

Construction and activity of cysteine-containing mutant re- 
ceptors. We used site-directed mutagenesis to construa seven 
different mutant receptors, each containing a single cysteine residue 
at a different designated position within the molecule. The sites were 
chosen to maximize the probability of yielding sulfhydryl groups on 
the surface of active receptors. Therefore, the cysteines were substi- 
tuted near charged residues, at positions that arc unconscrved in the 
five known baacrial chemoreceptor sequences (6-P). Four cysteine 
residues were placed near the ends of the two known transmem- 
brane segments {6, 10). Two were placed in the external domain 
where aspartate binding is known to occur, and one in the carboxyl- 
tcrminal domain where methylation and intracellular signaling occur 
{6f 8jll,12), The positions of cysteine substitution are summarized 
in Fig. lA. 




517 





Rg. 1. Model for aspartate receptor structure. (A) The proposed arrange- , 
mcnt of die a^parratc receptor in the membrane showing the intracellular 
amino terminus, two membrane-spanning sclents, the intracellular mcth- 
yUtion sites (M)," and the nuinbdxd positioi^ ctf cysteine substitution 
; (circles). (B) A hypothetical oligomcric structure, in which identical m 
mcts iurc /arranged arouiid a Q aids _(amtcr),^th >four regions :pa 



. Mutagenesis was performed in an M-13^Bb veaor according to 
the oligonucleodde-directed method as rnoSuiied by Kunkel (13), 
Successful substitution of a cysteine codon at the desired location 
was confirmed by dideoxy sequencing (14). The wild-type or 
mutant gene, together with the natural promoter, was then cloned 
into the pEMBL 18 plasmid (15), which was used to transform the 
gene into Escherichia coli {16). The activity of each mutant receptor 
was tested by analysis of its aspartate binding, regulation, and signal 
transduction charaaeristics. Each of the membrane-bound mutant 
receptors exhibits an aspartate binding constant similar to that of the 
wild- type receptor (Fig. 2). When the mutant receptors are solubi- 
lizcd, partially purified, and assayed in an OG-PL solubilized system 
described previously [0.39 percent (w/v) octylglucoside, 0.10 per- 
cent £. coli lipid, and 19 percent glycerol (i/)], their regulatory 
glutamate residues are methylated by the methyltransferase enzyme 
at rates essentially identical to that of the wild-type receptor in the 
same system. Moreover, each of the mutant receptors exhibits an 
aspartate- induced increase in methylation rate which is essentially 
identical to that of the wild-type receptor (Fig. 2). Finally, when the 
mutant genes are transformed into an £. coli strain that lacks the 
aspanate receptor, each of the mutant receptors restores the chemo- 
tactic swarming of the transformed baacria to a rate that is within a 
faaor of 1.5 that observed for the wild- type receptor (Fig. 2). It 
follows that each of the mutant receptors containing substituted 
cysteine residues retains a fully intaa, hmctional structure. 

Disulfide cross-linking. The seven different cystekie-containing 
receptors have been used to subject the receptor structure to a 
sensitive test for flexibility. The receptor is an oligomer in octylglu- 
coside (18-20)^ and disulfide bond formation between cysteines on 
different monomers has proved useful in the detection of structural 
fluctuations since such fluctuations are required to bring distant 
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Position of receptor mutation 

Fig. 2. Comparison of the activities of wild-type and mutant receptors. The 
pEMBL 18 plasmid containing the wild- type or mutant Salmonella typhmur- 
ium aspartate receptor gene was transformed into £. coli RP3808 (J 6), a 
strain lacking the receptor as well as the methyltransferase and esterase, for 
studies (a to c) and subsequent figures; and into E. coli RP 4372 (id), a strain 
lacking die receptor, for study (d). Measured as previously described {17, 33, 
40) were (a) the aspartate binding constant of receptor in isolated mem- 
branes {Kb ± Si) = (8 ± 3) X WM~^ for wUd-typc receptor); (b and 
c) the rate of transferase-cataiyzcd methylation of regulatory glutamate 
residues on receptor in the OG-PL isolubilizcd system ([%]mcthyl addition 
rate = 0.11:+: 0.03 .Me/(rcceptor • min) for wild-type -rcCcptor , -H 1 m/Vf 
aspartate); and (d) the chemocactic swarm rate of. transformed bacteria on 
tryptbne ^soft . agar.. (swann rate 1.27.± 0.04 ,jmni/hour,^for 1 81*4372 
transfomied .widh ;wild-typc . rcccptor^^^ Activities ;m.-i^ ire j)lotted^ 

relatiyc ?tp* , the 'indicated -wild^typc" ^zsc^lj. 




Fig. 3. Disulfidc-linkedl 
dimcr formation: the 
Cys^ receptor. A 10 per- 
cent SDS-Laemmli poly- 
acrylamidc gel {41) show- 
ing the Coomassie-stained 
bands of receptor-mono- 
mer (R) and disuMdc- 
linked dimer (Rj) in sam- 
ples containing no recep- 
tor (-); wild- type recep- 
tor untreated (WT) or 
treated with oxidation cat- 
alyst (WT, ox); and Cys^* 
receptor untreated (Cys-**) 
or treated with oxidation 

catalyst (Cys^*, ox) then in one case reduced (Cys^*, ox then red). Samples 
prepared in the OG-PL solubilized system containing ambient dissolved O2 
were incubated for 10 minutes at 37*C in the presence or absence of the 
oxidation catalyst 1.5 mM Cu(II)(l,10-phenanthrolinc)3, then dissolved at 
100**C in SDS-Laemmli sample buffer containing excess EDTA to complex 
Cu(II) and, where indicated (red), 60 mM 3-mcrcaptocthanol to reduce 
disulfide bonds. For this and subsequent figures, EDTA and 1,10-phcnanth- 
roline present during the preparation of membranes (18) were removed by 
washing before the oxidauon catalyst was added or the OG-PL solubilized 
receptor (17) was prepared, to avoid interference with subsequent oxidation 
reactions. 

cysteines into contaa (see below). Disulfide formation was observed 
(Fig. 3) when the receptor was oxidized by ambient oxygen at 22*C 
with Cu(II)(l,10-phenanthroline)3 as a catalyst (21). To stop the 
reaaiori at specific times, we denatured the oligomer in the presence 
of EDTA [to chelate Cu(n)] and ^-cthylmalcimide (to block free 
sulfhydryl groups); the products were then analyzed by SDS- 
polyacrylamide gel electrophoresis (PAGE). A typical reside is 
shown in Fig. 3 for the Cys^^ receptor, which upon oxidation 
migrates quantitatively as a disulfidc-cross- linked dimer on SDS- 
PAGE. When oxidation is followed by reduction with p-mercapto- 
cthanol, the Cys^* receptor migrates quantitatively as a monomer, 
demonstrating that the dimer linkage is in fact a simple disulfide 
bond. Densitometric analysis of the monomer and dimer bands 
yields the firaction of receptor in the disuifide-linked dimcric state as 
a function of reaction time. The initial rates of disuifide-linked dimer 
formation for each of the seven cysteine-containing receptors in 
both the membrane and solubilized states arc summarized in Fig. 4. 
In every case a measurable rate is observed within the range 0.05 to 
1.7 percent disuifide-linked dimer formed per second. 

In order to interpret disulfide reaction rates in terms of receptor 
flexibility, it is important to ascertain whcdier the observed disulfide 
reactions occur intramolccularly within the receptor oligomer, or 
intcrmolecularly through collisions between oligomers. To resolve 
dicse possibihties, several types of disulfide reactions have been 
carried out. The products of these reactions can be complex, and the 
following nomenclature is used to distinguish the products. The 
position of a cysteine is indicated by a number, and cysteines on 
different peptide chains are distinguished by a prime. Thus n-m 
represents a disulfide bond between cysteines at positions n and m 
on the same receptor monomer, while n-m' represents a disulfide 
bond between cysteines n and m on different monomers. For 
example, 3-215' Teprcscnts a disulfide bond between Cys^ on one 
monomer and Cys^'^ on a second monomer. Since each aspartate 
receptor monomer is composed of a single polypeptide chain, n-m' 
yields a disuifide-linked dimer on denaturing gels. Three types of 
reactions have proved useful in the resolution of intra-, and intcnao-. 
Iccular disulfide bond fiarmation. v::, ■ . Mx^^ 

.1) If disulfide bond fomation .occurs yd^^ pligomtt, th^ 
dic.sizc of thc pU^pmcr^shpuld be to^cad^^ 
ocgm by cpliisipn' between jp%6meK;^ §ik : 
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Fig. 4. Initial disulfidc-linkcd dimcr formation rates of the cysteine recep- 
tors. The indicated receptors were prepared in both mcrhbrane and OG-PL 
solubilized systems, and disulfide formation was initiated by addition of 
oxidation catalyst at IT'C (Fig. 3). At specific times, samples were removed, 
and the reaction was quenched by addition of double-strength Lacmmli gel 
sample buffer containing 4 percent SDS to denature the receptor oligomer, 5 
mM EDTA to chelate Cu(II), and 10 miVl ^-ethylmalcimidc to block free 
sulfhydryl groups; the reaction was then heated immediately to lOCC for 3 
minutes. Subsequently the extent of disulfide-linked dimer formation was 
determined by SDS-polyacrylamide gel electrophoresis, including densito- 
mctric analysis of the receptor monomer and dimcr bands [extent dimer 
formation = R:/(R+R2); sec Fig. 3]. Initial rates were determined from the 
slope of the best-fit straight line to the early time points in each reaction. 
Error bars arc + 1 standard deviation forn s 3 simultaneous experiments. 

Cys^^ oligomer is examined by high-performance liquid chromatog- 
raphy (HPLC) gel filtration, an apparent molecular size of 230 kD is 
obtained both before and after quantitative formation of the 36-36' 
disulfide bond (Fig. 5), indicating that distdfide formation has no 
effea on the oligomeric state, 

2) For disulfide formation within the oligomer, the reaction rate 
should be bdependcnt of receptor concentradon, while for disulfide 
fonnadon between oligomers, the rate should be sensitive to 
concentration. When mutant receptors are diluted by orders of 
magnitude by solubilization from the membrane, or when they are 
subscqucndy diluted in the solubilized system, their n-n' disulfide 
formation rates are not decreased (Fig, 4). Thus rate-limiting 
collisions between oligomers arc not involved in disulfide bond 
formation, 

3) In order to test directiy for inter-oligomer disulfide formation, 
we made use of the observation that different disulfide-linked dimers 
migrate differentiy on SDS-polyacrylamide gels (Fig. 6). This 
property can be utilized to test whether a disulfide bond is formed 
between two monomers via thin the same oligomer (inttamolecular), 
or between a monomer in one oligomer and a monomer in a second 
oEgomer (intermolecuiar) [protocol of Miliigan and Koshland 
(22)]. If the disulfide cross-linking occiirs only intramolccuiarly and 
there is no exchange of subunits between oligomers, then a mixture 
of Cys^ oligomers and Cys^*^ oligomers will produce only 3-3' or 
215-215' disulfide-linked dimers. If, however, collisional intermo- 
lecuiar cross-linking occurs, 3-215' disulfide-linked dimers as well 
as 3-3' and 215-215' disulfide-linked dimers should be found. As 
can be seen in Fig. 6, no 3-215' disulfide-linked dimers are 
observed when Cys^ oligomers are mixed with Cys^*^ oligomers and 
disulfide formation is initiated. One might argue that there is an 

;.inhCTent kinetic biarrier to 3-r^ formation^'duc to insuffi- 

7?tierit reactivity or proximity. To examine' tWs possibiH^ 

f vbatcd the h^ conditibris that promote exchange > 
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Fig. 5. Effect of disulfide-linked dimcr formation on oligomer size. HPLC 
gel filtration profiles of solubilized Cys^^ receptor oligomers methylated with 
[^HJmcthyl groups as previously described (11), Mcdiylated receptor oligo- 
mers were solubilized from membranes with I percent p-octylglucoside in 
the (A) absence or (B) presence of oxidation catilyst afO^C (Fig. 3). After 
die extraction, 2.5 mM ^^-ethylmaleimide'- 5 vnM. KpTA, and 2.5 mM 
PMSF (pheriylmcthylsulfonyl fluoride) were added t6 jcach sample, and 
samples were analyzed by gel filtration in 100 mM NaH2p04, 1 percent 
nononyl->^-mcdiylglucamide, 7. The (A) reduced and (B) disulfide- 
linked receptors in the radioactive fractions were verified by SDS-polyacryl- 
amide gel electrophoresis. The molecular size Standards arc (2) 669 kD; (5) 
43 kD; (6) 17 kD; and (7) 1.3 kD. The apparent molecular size arc (1) void 
volume (receptor incubated with anubod^ to receptor migrates here); (3) 
230 kD, receptor oligomer; (4) 93 kDi trypsin-trfcated receptor oUgomer 
{12). 

oxidation, 3-215' disulfide-linked dimers arc observed (Fig. 6). 
Similar experiments with other pairs of mutants [Cys^^ with Cys'*^ 
(22), and Cys'*** with Cys'^^] have given similar results, indicating 
that the intramolecular nature of disulfide formation is not limited 
to a particular pair. 

These three independent approaches indicate that each of the 
observed disulfide reactions occurs exclusively by an intramolecular 
reaction, that is, exclusively by a reaction cross-linking two different 
monomers within the same oligomer. 
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Fig. 6. Disulfide- 
Unkcd hetcrodimer 
foraiation. SDS-poly- 
acrylamide gels of di- 
sulfide-linked dimers 
produced by reaction 
of the following. Cys^ 
receptor only (first col- 
umn); Cys^'^ receptor 
only (second column); 
Cys\andCys2*^ recep- 
tors mixed under ex- 
change conditions 
(third column| 



Cys^ and Cys^ 
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recep- 




tors mixed under rion 
exchange iSbrtdltions 
(fourth column). Sam- 
ples containing 1 per- 
cent p-octyl^uc6sidc 

,^ J^:ahd thc'indiorta^ 

ccptoV oUgomcrs were incubated at $TC for -5 niinutcs/.Su^scquc^ 
'receptors were dilutcil caifold into the OG-PL-s61ubiiiz<xl s^m 
L:inM^asparptc;'w^ 

pUgomCTS were thcn'iiiixccl (fourth coluriM 



" ligoriicr."^ Whcri"' thcsf -^hcteirc>^blig6mcrs 'We ? then -subjcctSl ) to 
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^ cross-Iinking as a probe for flexibility. The nature of 

the flcxibdity required for the forma^f jntra-oligomer disulfide 
bonds IS Jlustrated in Fig. IB. The gd filtration data (Fig. 5) 
indicates diat the oligomer has an apparent molecular size of 230 
kD; a similar result was obtained earlier Since die known 
molecular size of the monomer is 59 kD (6), and since monomers 
can be quanatatively converted to disulfide-linked dimets widiin the 
oligomer (Figs. 3 to 6), it foUows diat the receptor is a dimer or a 
tetramer. The simplest case of a dimeric structure requires the 
presence of a twofold rotation axis at die center of the average 
structure, normal to die membrane. In such a ca^e, a cysteine v^H 
most often be distant from a second cysteine at die same position in 
a different monomer, relative to die 2 A disulfide bond lengdi 
Examples are cysteines in regions b, c, and d of Fig. IB For a 
cysteme m any of diese regions, considerable fluctuation of die 
receptor structure away from its average state is required to brine 
the cysteme close to die corresponding cysteine on die neighboring 
monomer. Smaller fluctuations are required for a cysteine in die 
contact region a,a» of Fig. IB, since positions diat lie near die 
central axis are close to die corresponding positions on odier 
monomers. However, even for a cysteine in region a,a» some degree 
of smictural fluctuation will generally be needed for a-a* disu^de 
bond formation. 

The rates of intra-oligomcr disulfide formation vary widely 
betw«:n die different cysteine mutants. The fastest rate is obtained 
tor 36-36 formaDon, which exhibits an initial rate of 1.7 percent 
dimer formed per second in die solubilized oligomer, while the 
slowest case, 106-106' formation, has an initial rare of <0 05 
percent dimer formed per second (Fig. 4). The divergent rates are 
consistent witii die idea diat disulfide formation is sensitive to 
taaors diat differ for die different cysteine mutants, including die 
proximity of reactive cysteines in die average structure, die frequen- 



Flg. 8. Effect of aspartate on disul- 
fide-linked dimer fo^^on in the 
solubilized Cys'^» ■ptor. The 
tune course of disulfide-linked di- 
mer formation was measured in the 
OG-PL solubilized system (Fig. 4), 
in the absence of any added amino 
aad (-), or in the presence of 1 
idM L-aspanate, l-glutamate, or L- 
serine. Shown is a time course from 
a single experiment; the analogous ' 
experiment in the membrane sys- 
tem yielded the same result. 
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Extent of dimerization (%) 
S;;!: ^ff .f'lf^lfide-linked dimer formation on receptor methylarion 
^e^?n,^h" 1*^ Tf" o^dd^mcly dimerized as indicated, Ld the 
m^^«^/ "^^r^y el"tamate residues of die receptor by 

rnediyltransferasc was detemuned in the OG-PL solubilized system (i^ Z 
the absence or presence of 1 mM L-aspartatc. The rate of Sari^ Z 
calculated relauve to d,at of wUd-type receptor in the sLe S^^S' 

exposure to different oxidauon conditions (0 to l.S miW catalvst 0 to 37°r 
IS to 30 mmut«) and subsequent additi^,n of redS aSw^S 
oxidaaon (0 » 2S mAf diduoetydiritol, 2T to 3rc, IS tf IKtJ) The 
f^'^:^ dimer formadoi, was determSS S |J 
1?H? 'ii^iophoresis samples contained 25 mM NaAsOj. M 

- - ■^J????!.:?^"'^ Vindicated diat-under th^ .cond^S 
^nn^ — di«iWdefonnation,.and that the^^ 
^nfl w "-'^ SPP^W'" used have no^effect oii the methylaSn 
rate of the wild-type rcoitor.'Pointi WVo^i,;^'v;f -r^j^lTJ^^ 



cy of strucmral fluctuations diat bring distant cysteines into contact 
and die inherent reactivity of die sulfliydryl . group in a given 
environment. The increase in n-n' disulfide formation rates on 
solubilizaaon for die membrane-bordering Cys\ Cys'«, Cys'" and 
Cys residues indicates diat die proximity, mobility, or reactivity 
qt diese cystemes mcreases when die stertc constraints of die bUayer 
are removed. In addition, die detection of disulfide formation for 
cysteme positions distributed du-oughout die primary structure 
mdicates diat substantial, widespread flexibility is present widiin die 
'^^lP^°'f'Sotncr{¥igs. 1 and 4). Limited flexibility in die structure 
ot folded proteins has been previously indicated by NMR, hydro- 
gen-exchange, fluorescence, and x-ray diffraction measurements 
[23-29), and by dieoretical calculations (30, 31). The disulfide bond 
tormaaon technique can be used to trap covalendy a wide variety pf 
structural fluctuations, including new types diat are odietwise 
undeteaable because of low occupancy, such as short-lived fluctua- 
tions involvmg large amplitude deviations fzom an average struc- 
ture. " 

Fluctuations trapped by disulfide bond formation can be identi- 
fied by dieir cffea on receptor activity. If die trapped structure 
represents a significant deviation from ±e average structure dien 
die receptor will be locked in a contorted, inactive state. The'effea 
of disulfide formation on die activity of die solubilized receptor was 
tested by measuring receptor mcdiylation in die absence and 
presence of aspartate. In previous studies diis has been a critical test 
for die native structure of die receptor {17). We now find diat 
mediylaaon of die Cys'« receptor is slighdy activated by 36-36' 
disulfide formation and retains an aspartate effect, while odier 
mutant receptors are inactivated by n-n' disulfide formation (Fig 
7). This result suggests diat die Cys^^ residue lies near die central 
axis, where it rapidly participates in disulfide formation widiout 
significandy disrupting die active structure (Fig. IC, upper) In 
contrast, die Cys^ Cys'8^ and Cys^'J residues are distant from' die 
central axis, and m each case n-n' disulfide fomiation traps an 
inacnve fluctuation significandy different from die active strucnire 
(Fig. IC, lower). 

Disulfide cross-linking as a probe for aUostery. Disulfide 
formaoon can also be used to probe die effects of ligand on receptor 
structure. Aspartate is known to bind to die outside of die receptor 
and to transmit a signal to die intracellular compartment {32, 33). 
Such a signal must involve some change in die structure of die 
receptor, but die extent of diis change is unknown. The seven 
cysteine-containing mutant receptors can be used to ascenain 
whedier Ugand binding induces a localized or radier a global change 
in die receptor conformation. When die control ligands glutamare 
and senne, wfiich bind weakly or not at aU to die aspartate receptor, 
respectively (53), are added prior to initiation of .:dic disulfide 
reaction, diere is litde or no effca on die rate of:n-n'; disulfide 
formatipn (Fig. 8). However, when aspartate is ;addcd, -a large 
change occurs in die rate of n-n' -disulfidc fomiarion for inany of die " 
..xysteinc pqsirions (Figs.>8 and 9);;Somc;rata incn^ase,-sbme .rates v ; ^ 




Hi 




36 106 128 183 215 
Position of receptor nnutatlon 



517 



E?t« o«l?„S °" T'' '"^'^<l=-'i"ked dimcr formation rates. 

Julfidc-Unkcd dinicr forriaL wcrfvaS^^ b.TKg L^'S 
» e 3 independent measurements. 

dirca evidence for a global conformational change affecting a large 
pomon of the structure of a receptor during transmembrane 
signaling. The large magnitude of many of the observed changes 
reemphasizes the sensitivity of disulfide formation rates to stnictural 
and environmental changes. Different regions of die molecule 
behave differently, Many simple explanations, such as a monotonic 
global mcrease or decrease in flexibility, or a rigid oligomer which 
signals by subtJe shifts m amino acid side chains, are excluded by this 
evidence. Furthermore, the effea of aspartate on disulfide formation 
rates is similar m the solubilized and membranes systems (Fig 9) 
supportmg the conclusion that the solubilized receptor in die mixed 
miceUe system has an essentially native strucnire (17) 
j Conformational flexibility and aUostcry. The evidence obtained 

i 1^ site-dn-ected cross-linking indicates diat (i) die aspartate receptor 
oLgomer exhibits flexibility of substantial range and amplitude both 
m the absence and presence of aspartate and (ii) transmembrane 
signaLng by this receptor involves a global change in die structure of 
the oligomer. This is consistent widi the biological function of die 
receptor smce external binding of aspartate triggers changes affcct- 
mg both die mtemaJ signaling site and the internal adaptation site of 
the protein (20). In view of the similarity in stnLure of die 
^° receptors such as the insulin, EGF LDL 
and NGF receptors it seems plausible tfiat tiicse sensory ttaniducers 
may generally have flexible structures diat undergo global conforma- 
Qond changes dunng transmembrane signaling. An important 
question for fiirther study is whetiier unu«ial flexibility is a urivcrsal 
eature of receptors and sensory transducers, and whedier diey 
undergo global conformational changes involving key or all trans- 
membrane segment.. One of die useful features of site-directed 
cross-lmkmg IS diat it provides a gencralizable tool for analyzing and 
comparing die flcxibihty and conformational changes of these and 
other proteins m vivo, in membranes, and in solubilized systems 

The use of cysteine as a probe in protein systems has many 
potennal appliaaons. Because of die case of localized mutagenesis 

3^ 1' donedprotcin. Our.approach involving substitution of 
- T for unconsented residues wiU.bcuseful for many soidies- in 
, ; odier studies -xystcincs can be -substituted. for ..semi- .or stripy 



nonal changes m o||omenc proteins is only one possible applica- 
Lve£ r' '^•nesis and intrapeptide disulfide fonSadon 

rh.l1 J"" '""^r P''*'^'^' ^^P^^^^i" folding (34)^ the 

thermal stability and proteolytic resistance of proteins (J5-W and 
the geometry and energetics of disulfide bonds (36, 38) Such 
intrapeptide disulfide bonds can fiirther be used to W" a chosen 
region in the activated or inactivated regulatory state. Both inter- 
disulfide reactions can trap structural fluctuations 
in folded proteins that comprise too small a fraction of the total 
population of conformations to be observed by spectroscopic and 
diffi-action techniques. In addition, because cysteines can be placed 
by mutagenesis at any two points within a protein, disulfide 
Sa^tiTns"" ""^"^ ^'^''^''^ q^^titative maps of structural 
Other important applications of cysteine mutagenesis include the 
introduction of sulfhydiyl groups into proteins at key locations as 
chemical and spearoscopic labeling sites. The rate of reaction of 
suifhydryl groups with chemical modification agents, and the spec- 
troscopic properties of modified sulfhydryls, are expeaed to be 
sensitive indicators of suifhydryl reaaivity, proximity, and confor- 
maaonal dynamics; these independent mediods wiU be useful in 
dissecting the separate roles of reactivity, proximity, and dynamics 
durmg disulfide formation. In short, site-directed cysteine mutagen- 
esis can be used to investigate flexibility, induced conformational 
changes, and other static and dynamic features of protein structure 
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